Muscular dystrophies are often caused by mutations in cytoskeletal proteins that render cells more susceptible to strain-induced injury in mechanically active tissues such as skeletal or cardiac muscle. In this issue of the JCI, Han et al. report that dysferlin participates in membrane resealing in cardiomyocytes and that exercise results in increased membrane damage and disturbed cardiac function in dysferlin-deficient mice (see the related article beginning on page 1805). Thus, in addition to repetitive membrane damage, inadequate membrane repair may participate in the pathogenesis of muscular dystrophies and cardiomyopathies.
Given the large deformations of many tissues such as skeletal muscle, it's remarkable that cells don't just tear apart. In fact, membrane rupture occurs frequently under physiological conditions in mechanically active tissues and can be experimentally demonstrated both in vivo and in vitro (1) (2) (3) . Membrane rupture leads to loss of cytoplasmic components and allows the influx of extracellular ions, thus disturbing the carefully maintained ion balance between the cytoplasm and the extracellular space. To prevent cell death from local membrane damage, cells have mechanisms to preserve membrane integrity and to reseal or repair ruptured membranes. In the presence of high extracellular Ca 2+ concentrations, injured nucleated cells reseal within 10-30 seconds (3).
Membrane-repair mechanism(s)
Membrane rupture leads to exposure of hydrophobic phospholipids to the aqueous environment, an energetically unfavorable state. However, the entropic forces that draw the membrane ends together are insufficient to reseal membrane lesions larger than 1 μm in nucleated cells under physiological conditions (3), as membrane tension (driven by interaction of phospholipids with the underlying cytoskeleton) slows or completely blocks self sealing. Instead, cells utilize an active membrane-repair process based on active trafficking of endomembrane vesicles to the damage site and subsequent fusion with the plasma membrane by exocytosis, but many of the molecular details of this process remain unclear. It appears that membrane repair involves both a reduction in membrane tension -possibly by local depolymerization of the cortical cytoskeleton - and patch formation. In the latter process, homotypic fusion of membrane vesicles creates a patch at the rupture site that then fuses with the plasma membrane in a Ca 2+ -dependent process ( Figure 1) . Depending on the cell type, the vesicular membrane compartments participating in the repair may include cortical granules, yolk granules, endocytic components, lysosomes, and enlargosomes; the specific contribution of each is not always clear (3, 4) .
The active membrane fusion process requires several membrane proteins, including SNARE proteins (a family of transmembrane proteins essential in most intracellular membrane fusion processes) and synaptotagmins (transmembrane proteins containing two highly conserved Ca 2+ -binding domains that are thought to serve as Ca 2+ sensors; ref. 5). Most recently, ferlins have been identified as a conserved protein family that participate in membrane repair. The ferlin family consists of four different genes that encode dysferlin, myoferlin, otoferlin, and Fer1L4; dysferlin-null cells show accumulation of membrane vesicles near the damaged membrane (3, 4) .
Membrane disruption leads to muscular dystrophy
Membrane rupture is most prevalent in skeletal and cardiac muscle; up to 25% of muscle cells show signs of transient membrane damage under physiological conditions (1-3). Higher organisms have specialized tissue and cell architectures that minimize the stress placed on the plasma membrane by directly transmitting forces from the extracellular matrix to the cytoskeleton through dedicated protein complexes, such as the dystrophin-glycoprotein complex, and thus shielding the fragile plasma membrane. Not surprisingly, mutations that disrupt these stress-bearing elements render cells more susceptible to contraction-induced injury and can result in muscular dystrophy or cardiomyopathy. Recent work by Kevin Campbell's group has demonstrated that defective membrane repair can provide an alternative mechanism for muscular dystrophies (6) . Dysferlin-null mice suffer from impaired membrane repair and develop progressive muscular dystrophy and cardiomyopathy, even though these animals have stable and functional dystrophin-glycoprotein complexes and show no increase in membrane damage during eccentric contraction. In humans, dysferlin mutations cause limbgirdle muscular dystrophy type 2B and Miyoshi myopathy (7, 8) .
Most studies of muscular dystrophies have focused on the cellular damage in skeletal muscle, but it is important to recognize that several types of muscular dystrophies affect cardiac muscle and that cardiac failure is responsible for a large number of deaths in Duchenne muscular dystrophy and Emery-Dreifuss muscular dystrophy patients (9, 10) . In this issue of the JCI, Han et al. (11) report that dysferlin-mediated membrane repair is critical to protection of cardiomyocytes from stressinduced injury. Han and colleagues applied a sophisticated in vitro assay to directly demonstrate that Ca 2+ -dependent membrane repair is impaired in dysferlin-null cardiomyocytes. Next, they demonstrated defective membrane repair in dysferlin-null mice in vivo in the heart following stress exercise and disturbed cardiac function. The notion that deficient membrane repair and increased membrane fragility are two independent mechanisms was supported in that damage was even more severe in animals bred by intercrossing dysferlinand dystrophin-null mice. These findings suggest an overarching concept underlying the majority of mutations implicated in muscular dystrophies and associated cardiomyopathy: Repetitive strain and contraction in mechanically active tissue cause progressive myocyte necrosis through cumulative damage in cells that cannot be sufficiently repaired.
Figure 1
Repetitive mechanical strain causes rupture in the plasma membrane under physiological conditions. Mutations that predispose cells to membrane damage or impair the normal repair process cause accumulation of necrotic cells in mechanically active tissue, resulting in muscular dystrophies and cardiomyopathies. Mutations in the nuclear envelope proteins lamin A/C or emerin can decrease the stability of the nuclear lamina and result in nuclear envelope rupture, causing similar muscular dystrophies and cardiomyopathies. In this issue of the JCI, Han et al. (11) report that dysferlin is required for stress-induced membrane repair in cardiomyocytes. While the precise membrane-repair mechanism remains unclear, it is thought that dysferlin-carrying repair vesicles are recruited to the rupture site and fuse with the plasma membrane through interaction with annexins, other dysferlins, and other unknown binding partners (27) . LINC, linker of nucleoskeleton and cytoskeleton. 
Nuclear membrane damage can also cause muscular dystrophies
The concept of repetitive membrane injury may not be limited to the cytoplasmic membrane but may also apply to a group of muscular dystrophies that arise from mutations in nuclear envelope proteins. Lamins are the main components of the nuclear lamina, a dense protein network underlying the inner nuclear membrane. Mutations in lamin A/C cause a plethora of human diseases, including Emery-Dreifuss muscular dystrophy, limb-girdle muscular dystrophy type 1B, and dilated cardiomyopathy (12) . The molecular mechanisms responsible for the laminopathies remain unclear, but increased nuclear fragility could contribute to the muscle-specific phenotypes. Muscle biopsies from Emery-Dreifuss muscular dystrophy patients and from lamin A/C-null mice show characteristic nuclear damage, including protrusions of chromatin from the nucleus, loss of nuclear membrane, and even aggregation of mitochondria within the nucleoplasm (13) (14) (15) (16) (17) . Cells deficient in lamin A/C have increased nuclear fragility under repetitive mechanical stress (18) (19) (20) (21) . The muscular laminopathies share several other features with the muscular dystrophies caused by defective plasma membrane structure or repair. Lamins interact with integral inner nuclear membrane proteins and with chromatin and are part of the linker of nucleoskeleton and cytoskeleton (LINC) complex connecting the nucleus to the cytoskeleton (Figure 1 ). Similar to dysferlin, lamin A/C and emerin are ubiquitously expressed, but many of the related disease phenotypes are focused on skeletal and cardiac muscle.
Interestingly, the disease mechanisms of the nuclear envelope muscular dystrophies might not just mirror the pathophysiology in muscular dystrophies caused by plasma membrane damage. The cytoskeletal network and nuclear and plasma membrane proteins form a continuous physical connection that begins at the extracellular matrix and extends all the way to the nuclear interior, and disruption of any of these components could affect the other structures. Furthermore, in mice carrying a dominant-negative δ-sarcoglycan mutation that results in dilated cardiomyopathy, δ-sarcoglycan is mislocalized in cardiomyocytes, moving from the plasma membrane to the nucleus. This mislocalization is accompanied by partial nuclear sequestration of β- and γ-sarcoglycans and mislocalization of lamin A/C and emerin from the nuclear envelope into the nucleoplasm (22) .
Treatment perspectives for muscular dystrophies
There are currently no effective treatment options for patients suffering from muscular dystrophies. Recently, plasma membrane sealants such as poloxamer 188 have been shown to efficiently reduce cellular damage in muscular dystrophy and to improve cardiac function in dystrophin-deficient mice (23) . However, poloxamer 188 failed to prevent exerciseinduced membrane damage in skeletal muscle fibers of mdx mice, a mouse model of Duchenne muscular dystrophy lacking dystrophin (24) . Furthermore, the most effective concentrations of membrane sealant are not well tolerated by healthy human volunteers even for short durations (25) while muscular dystrophy patients would require lifelong treatment, as membrane sealants are only effective when present during membrane rupture. The discovery of alternative, better-tolerated sealants or drugs that can drive the membranerepair process would represent significant advances. These therapies could benefit patients with a wide variety of muscular dystrophies, regardless of whether they are caused by increased membrane fragility, deficient repair, or both.
Perspectives for future research
The molecular mechanisms of the membrane-repair process are only now emerging, and it remains unclear what other molecules are necessary and critical for efficient membrane repair. Myoferlin in particular could be important for muscular dystrophies, as it is highly expressed in skeletal and cardiac muscle and is upregulated in skeletal muscle in dystrophin-deficient mice (26) . Interestingly, myoferlin - in contrast to dysferlin - is also present in the nucleus of skeletal and cardiac muscle fibers, so it could also participate in nuclear envelope repair. In the plasma membrane, additional membrane must be added to the surface at or near the disruption site through fusion with cytoplasmic vesicles. In the nucleus, the endoplasmic reticulum is continuous with the outer nuclear membrane and provides a large membrane reservoir, but interaction between the inner nuclear membrane and the lamina could also require additional membrane-repair mechanisms and patch formation similar to the processes seen at the plasma membrane.
The study by Han et al. (6) highlights the concept that membrane injury, a normal process in mechanically active tissues such as muscle, must be met with adequate membrane repair. In the highly mechanically active milieu of skeletal and cardiac muscle, cumulative membrane damage may provide slow but progressive loss of cells with fibrotic replacement. Understanding the balance of membrane injury and repair may provide insight into the highly variable stages of penetrance in different muscle diseases as well as viable therapeutic strategies.
